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Abstract 
The spatial relations of vowels are traditionally depicted by using a vowel quadrilateral, in 
which the locations of vowels inside the vowel chart are based perceptually on the positions 
of the highest tongue position during vowel production. However, the accuracy of vowel 
chart has been controversial. In the present study, a physiological equivalent of the Cantonese 
vowel chart was developed based on objective measurement of tongue positions by using 
electromagnetic articulography (EMA). It was found that: (1) there were considerable 
differences between traditional and physiological vowel charts, and (2) there was great 
inter-speaker variability with regard to the location of vowel inside the vowel charts. These 
indicated that articulation of vowels might not be an accurate parameter for classification of 
vowels. 
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Developing a Physiological Equivalent of the Cantonese Vowel Quadrilateral using 
Electromagnetic Articulography (EMA) 
Linguists often make use of a vowel chart to describe the vowel inventory of a 
language and to depict how the vowels are spatially related. The vowel chart is also known as 
a vowel quadrilateral, inside which phonemic vowels are located disparately based on the 
positions of the highest points of tongue during production of various vowels (Carole, 2001; 
Jones, 1972). In other words, inside the vowel chart, the vowels are indicated according to the 
point of narrowest constriction inside the oral cavity during vowel production. Vowels are 
hence classified distinctly based on articulation (Fant, 1970). 
Ladefoged (1993) suggested that ‘high-low’ and ‘front-back’ features should be 
regarded as ‘labels’ describing the relative auditory qualities of vowels, instead of the actual 
lingual position during vowel production. However, a number of researchers classified 
vowels according to the location of the point of highest lingual position during vowel 
production. Kent (1997), for instance, described vowels /i/, /e/, and /ε/ as front vowels since 
they are consistently produced with an advanced tongue position with various tongue height. 
However, using vowel chart to depict phonemic vowels may be controversial (Ladefoged, 
1993). In a review of vowel production studies, Honda (2002) questioned the validity of 
traditional vowel chart based on x-ray data of tongue positions observed during vowel 
production. Although Jones (1972) claimed that the highest tongue position of the four 
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cardinal vowels /i/, /æ/, /a/ and /u/ observed from x-ray resembled that of the traditional 
vowel chart, Russell (1928; 1929) studied the x-ray images of tongue position during vowel 
production and concluded that they did not match the perceptually-developed vowel chart. 
Inter-speaker variation including speaking condition and speaking style, for example, 
contributed to a varied tongue position according to lateral x-ray recordings (Russell, 1928). 
These studies were based on cineradiographic data which were largely qualitative and 
quantitative data for classifying various vowels inside the vowel chart was lacking. 
In an attempt to simplify the quantitative description of vowel articulation, Stevens 
and House (1955) approximated the vocal tract configuration using three parameters; namely, 
the distance between the glottis and the maximum constriction point, the radius at the point of 
greatest constriction, and the ratio of the mean cross sectional area to the length of the portion 
of the tube which was 14.5 cm away from the glottis. They developed acoustic tubes 
resembling the vocal tract configurations associated with different English vowels, based on 
which they calculated vowels’ acoustic behavior. They found a difference between the 
calculated vowel diagram and the traditional vowel chart. The back vowel series was found to 
be situated less orderly and could not be connected with a line, as depicted in the traditional 
vowel chart. It appears that the quantitative description developed based on acoustics is not a 
faithful depict of vowel location, and the results might be inaccurate and not consistent. 
To accurately represent vowels in a vowel quadrilateral based on articulation, it 
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requires articulatory information regarding the positioning and movement of the tongue 
during production of the vowels. However, methodological difficulties had limited the 
kinematic study of speech structures during speech production in the past because articulatory 
movements within the oral cavity were difficult to measure and visualize (Kuruvilla, 
Murdoch & Goozee, 2007). Researchers made use of cineradiography and x-ray microbeam 
to examine the trajectory of various articulators including the tongue, soft palate, lips and jaw 
during production of speech sounds (Honda, 2002). However, the use of cineradiography and 
x-ray microbeam requires participants’ exposure of radioactive materials which can be 
hazardous to the participants. This unavoidably limited the scope and extent of articulatory 
studies. However, such difficulties can be overcome by the use of electromagnetic 
articulography (EMA), which is a safe and non-invasive, yet accurate and sophisticated 
instrument used for physiological measurement (Kuruvilla, Murdoch & Goozee, 2007). A 
recent study by Yana (2008) evaluated the accuracy of AG500 EMA system and concluded 
that the device was adequate for speech research given that specific procedures were taken to 
minimize error prior to, during and following EMA data collection. 
Maurer, Gröne, Landis, Hoch and Schönle (1993) used EMA to examine the 
association between German vowels and articulators’ positions. It was found that different 
lingual positions could represent the same vowel, and similar lingual positions could also 
correspond to different vowel sounds. This implied that lingual position might not be an 
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appropriate parameter for classifying vowels. A one-to-one correspondence between lingual 
position and vowel is lacking. A similar conclusion could also be made from a more recent 
study by Hu (2003). Hu investigated the articulation of vowels of Ningbo Chinese using 
EMA, and found that high vowels and mid-high vowels had comparable lingual configuration. 
It follows that tongue positions failed to match with the tongue height shown in the 
traditional vowel quadrilateral. Despite the value of these two studies to the understanding of 
how lingual position is associated with different vowels, data were obtained from only two 
subjects in these studies. In addition, results obtained from German and Ningbo Chinese 
might not be generalizable to vowels of Hong Kong Cantonese. Furthermore, studying 
articulatory characteristics such as lingual position and movement during production of 
Cantonese vowels is lacking. 
The aim of the present study was to provide an objective description of the seven 
Cantonese long vowels, including three high vowels (/i/, /u/ and /y/), three mid vowels (/ε/, 
/œ/ and /ɔ/), and one low vowel (/a/) using articulatory parameters such as locations of tongue 
tip, tongue blade and tongue dorsum. Based on the kinematic information, a physiological 
vowel quadrilateral was developed, which was compared against the traditional vowel chart. 
Traditional and physiological vowel charts were described and the accuracy of classifying 
Cantonese vowels according to the highest positions of tongue was discussed. 
Method 
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Participants 
Ten adult participants (five males and five females) who spoke Hong Kong Cantonese 
as their first language were recruited in the study. The participants were between 19 and 25 
years of age with no known history of speech, language or hearing impairments. They were 
physically healthy and were able to produce the required speech materials comfortably with 
the sensors attached to their tongue. 
Assessment Procedures 
EMA assessment 
A three-dimensional electromagnetic articulography (EMA) (AG500, Carstens 
Medizinelektronik GmbH) was used to measure and record the articulatory movement of 
tongue tip, tongue blade and tongue dorsum along the mid-sagittal plane during production of 
vowel. The AG500 EMA system is comprised of a plastic case, small coils which are affixed 
to the participant’s articulators and electronic components that are linked to a computer. The 
operating principle of EMA is based on electromagnetism: electrical signals are generated in 
the coils according to the movement of receiver coils (sensors). Six transmitter coils that are 
fixed on the plastic case generate alternating magnetic fields each at a different frequency, 
and the magnetic field induces alternating current in the coils placed at the articulators which 
corresponds to the movement of the coils. A change of location of the coil (caused by 
movement of the articulators) will therefore lead to a change in electric current. By 
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measuring the amount of current change, displacement, velocity and acceleration of 
articulators to which the coils are attached can be evaluated. 
AG500 EMA system preparation 
To begin data collection, the EMA system was switched on 1.5 hours before the 
commencement of the study to ensure an optimal temperature for operation. The sensors were 
calibrated using a calibration program (mc5cal) after the optimal operating temperature was 
achieved. This involved mounting the sensors in magazines according to the channels that the 
sensors would be assigned to. Each sensor was then calibrated in strict accordance with the 
instructions listed in the AG500 manual. The procedure was repeated until the calibration 
data falls within the acceptable range. Before EMA recording, the sensors were dipped with 
Cyano Veneer, a non-toxic adhesive, and be given an hour to dry before positioning to the 
participant’s articulators. 
Speech material 
The speech protocol included the seven Cantonese long vowels (/a/, /i/, /u/, /ε/, /ɔ/, /œ/ 
and /y/) produced in isolation at high level tone for 10 times. The order at which these speech 
samples were produced was randomized. All vowels were produced at a moderate rate 
(approximately three syllables per second) and at habitual loudness level. The use of isolated 
vowels at high level tone instead of CV syllables with a non-specific tone was to avoid the 
possibility of coarticulation during CV syllable production (Katz & Bharadwaj, 2001) and 
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effect of tone to vowel production (Hoole & Hu, 2004) which might confound the results. 
Subject preparation 
The study was carried out in an electrically shielded room. The participant was seated 
properly with his/her head positioned inside the EMA cube. Each participant was briefed on 
the procedures of the study. Absorbent paper was used to dry each participant’s tongue to 
facilitate fixation of sensors. Of the six sensors, three were attached on the tongue at 1 cm, 2 
cm and 3 cm from the tip of the tongue respectively along the mid-sagittal plane. In order to 
ensure consistency of placement, a plastic ruler was used to measure the distance accurately 
while affixing the sensors. Three reference sensors were also attached, one on the bridge of 
the nose, one on the gingiva above the upper incisors and one on the mastoid process of left 
temporal bone. 
Data acquisition 
Prior to data collection, each participant was allowed to spend about 15 to 30 minutes 
to accommodate speaking with sensors attached to articulators. During this period of time, 
stimuli from the protocol as well as casual conversation were practised. Pronunciations and 
rate of production were also practised upon the examiner’s model. Kinematic data and vowel 
sounds were then recorded in parallel by an EMA program (mc5recorder) after the 
accommodation period. 
Data Analysis 
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Analysis of the positions of the articulator during vowel production 
The raw sensor positions based on the recorded amplitude data were determined by 
using an EMA program CalcPos. Since the raw sensor positions is a composite of head 
movement and the actual articulatory movement, the head movement was eliminated from 
the raw data for an accurate description of articulatory movement. This was accomplished by 
using the EMA program Normpos, which calculated a normalization pattern for mapping all 
samples in a common alignment. Time fragments of the medial portion of the vowels were 
then identified by using Praat and the related positions of the articulator were extracted for 
calculating the mean positions of tongue during vowel production. 
Development of physiological vowel charts 
Data calculated from each participant was analyzed separately. This is because 
differences in vocal tract dimensions contributed to a difference in articulatory distances for 
each individual to traverse in order to produce the same vowel (Simpson, 2001). Tongue 
height and tongue advancement of the highest positions of tongue during production of each 
vowel were averaged out for each participant. Based on the results, physiological vowel 
charts were plotted with tongue advancement as the abscissa and tongue height as the 
ordinate. The physiological vowel charts developed were then visually compared with the 
traditional vowel chart. Geometric distances of the articulator positions between the three 
cardinal vowels (/i/, /a/ and /u/) were also calculated to determine the vowel spaces associated 
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with each participant, based on which comparison of vowel spaces between males and 
females participants was made. 
Results 
Due to the considerable individual differences and the limited number of participants, 
results are described and no attempt was made to carry out any inferential statistical analysis. 
Averaging of lingual positions across different individuals, as performed in inferential 
statistics, fails to reveal important patterns or trends and may mask valuable information. 
Furthermore, comparisons of samples allow evaluation of accuracy and consistency of 
classifying long vowels of Hong Kong Cantonese by articulation. 
Figure 1 shows the vowel quadrilateral of Hong Kong Cantonese that has been 
traditionally described in linguistics textbook (Zee, 1999). Figures 2 and 3 are examples of 
physiological vowel charts developed from the highest positions of tongue during vowel 
production of one male and one female participant, in which tongue advancement is 
represented by the x-axis and tongue height by the y-axis. Physiological vowel charts 
associated with other participants are shown in Figures 4 to 11 of the Appendix. Major 
findings are summarized as follows. 
Highest Lingual Positions during Vowel Production 
According to the present data, the sensor attached at 3 cm from the tongue tip 
consistently appeared to be the highest point (thus indicating the narrowest approximation) 
 12 
during production of all Cantonese long vowels. This implied that the maximum 
constriction/approximation during vowel production was located at or beyond the hard palate. 
Comparisons between the Traditional and the Physiological Vowel Charts 
The physiological vowel charts exhibited a different pattern as compared with the 
traditional vowel quadrilateral. Similarities and differences between the charts were 
summarized in the following. 
 
Figure 1: Traditional vowel chart of Hong Kong Cantonese. 
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/a/
/i/ /u/
/ε/
/ɔ/
/œ/
/y/
tongue advancement
to
ng
ue
 h
ei
gh
t
 
Figure 2: Physiological vowel quadrilateral developed from one of the male participants 
/a/
/ i/ /u/
/ ε/
/ɔ/
/œ/
/y/
tongue advacement
to
ng
ue
 h
ei
gh
t
 
Figure 3: Physiological vowel quadrilateral developed from one of the female participants 
 
Cardinal vowels  
For the cardinal vowels /i/, /a/ and /u/, it was noted that, for all participants, the 
constriction point of /i/ was consistently more anterior than that of /u/. The constriction point 
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of /a/ was lower than that of both /i/ and /u/, indicating a lower tongue position during 
production of /a/. This finding is in line with to that depicted in the traditional vowel 
quadrilateral which is largely perceptually based. 
However, the actual location of the cardinal vowels inside the physiological vowel 
quadrilateral did not accurately match with those in the traditional vowel chart. For instance, 
/a/ was found at a low central position of the traditional vowel chart. Yet, in five out of ten 
speakers, /a/ failed to locate at a low central position, instead it was found at a low front (see 
Figures 4 and 8), mid back (see Figure 7) and low back (see Figures 5 and 6) location within 
the quadrilateral. This indicated an inconsistency of constriction point during production of 
even for the same vowels. 
Non-cardinal vowels 
The spatial relation of the non-cardinal vowel /ɔ/ and the cardinal vowel /u/ in the 
physiological vowel charts was found to be in line with that of the traditional vowel chart, in 
which locations of /ɔ/ inside the developed vowel charts were always at a lower and back 
position than that of /u/ except in two participants (see Figures 7 and 9). However, the 
difference in tongue advancement between /ɔ/ and /u/ in the physiological vowel charts was 
found to be greater than that depicted in the traditional vowel chart (see Figures 4-6). 
Locations of other non-cardinal vowels /ε/, /œ/ and /y/ inside the vowel charts were 
found to exhibit considerable differences when compared with the traditional vowel 
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quadrilateral. Among the three non-cardinal vowels, /œ/ was found with the most variable 
locations. In the traditional vowel chart, the vowel /œ/ was located at mid-high central 
position, but it was located at varied positions such as mid-low front (see Figure 4), low 
central (see Figure 5) and high back (see Figure 9) in the physiological vowel charts obtained 
from kinematic measurements. The highest positions of the tongue during production of 
non-cardinal vowels appear to be inconsistent, even more so than those of the cardinal 
vowels. 
Comparisons between the Physiological Vowel Charts of Males and Females 
Consistency of location of vowels inside the physiological vowel charts 
It was observed that locations of vowels inside the physiological vowel charts of 
female participants were more consistent than that inside the physiological vowel charts of 
male participants. This was because most of the extreme differences in location of vowels 
inside the physiological vowel charts were obtained from males (see /a/ and /ɔ/ of Figure 7 
and /ε/ of Figure 4 for examples). 
Vowel space 
The average geometric distances between highest tongue positions of the three cardinal 
vowels are shown in Table 1. The vowel spaces of male and female participants were 
calculated to be 76.63 mm2 and 83.20 mm2 respectively. Due to the possible violation of 
normality assumption and small sample size, a non-parametric Mann-Whitney U test was 
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carried out to compare the vowel spaces associated with males and females. Result revealed 
no significant differences between vowel space of male and female participants (U = 12, p = 
0.917). 
 
Table 1. Averaged geometric distance (mm) between highest tongue positions of the cardinal 
vowels 
 /i/ - /u/ /i/ - /a/ /u/ - /a/ 
male 11.15 18.52 14.58 
female 11.44 17.25 15.66 
 
Discussion 
Highest Lingual Positions during Vowel Production 
In the present study, kinematic data indicated that the highest lingual positions for all 
seven Hong Kong Cantonese long vowels were located at or beyond the hard palate. This 
finding matches with the results from previous x-ray studies, which contributed to the 
modification of traditional vowel chart from sloping back and down the front vowel line from 
the alveolar ridge to dropping down from the hard palate straightly (Russell, 1928). However, 
discrepancy is observed between kinematic data obtained from the present study and results 
reported by Hu (2003). In the present study, constriction points of both front and back vowels 
were located at about 3 cm from the tongue tip, while Hu found that the highest tongue 
positions of front vowels and back vowels were at about 3 cm and 6 cm from the tongue tip 
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respectively. This discrepancy may be due to the difference in the location of sensors attached 
on tongue. In the present study, three lingual sensors were attached along the midline of the 
tongue at 1 cm, 2 cm and 3 cm from the tongue tip respectively. Configuration of tongue 
beyond 3 cm from tongue tip was not recorded. This did not allow accurate measurement of 
actual constriction point if the constriction lies beyond the hard palate (3 cm posterior to the 
tongue tip). Another possible reason for the discrepancy in constriction points of the same 
vowels (i.e. /i/, /a/ and /u/) was that vowels of different languages, even with the same IPA 
symbols, may not be produced in exactly the same way (Chen, Robb, Gilbert & Lerman, 
2001). Vowels of the same IPA symbol may refer to slightly different vowels which are 
produced with different lingual configurations. To confirm this, further precise kinematic 
study is needed to examine the exact configuration of the entire tongue in producing these 
vowels. 
Differences between the Traditional and the Physiological Vowel Charts 
It was hypothesized that dissimilarities should be found between traditional and 
physiological vowel charts because the traditional vowel quadrilateral was perceptually-based 
and largely imaginary, but not developed based on quantitative data (Russell, 1929). 
Differences were noted when comparing the location of vowels inside the traditional and 
physiological vowel charts. This implied that using the perceptually highest lingual position 
to classify vowels may not be accurate and the vowel chart thus developed may not be a 
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faithful depict of how vowels are related. In fact, this issue has been discussed by Ladefoged 
(1993) who suggested that descriptive terms for vowels such as ‘high-low’ and ‘front-back’ 
should be regarded as a description of auditory qualities of vowels rather than the actual 
absolute lingual configuration during vowel production. 
Acoustically, the vowel space developed using the first and second formant 
frequencies were found to show a pattern which highly resembles that of the traditional vowel 
quadrilateral (Johnson, 2003). This may indicate that acoustic parameters, which are largely 
derived from the resonance of the vocal tract, instead of articulatory properties should be 
used for describing vowels. According to Ladefoged (1993), labels of ‘high-low’ and 
‘front-back’ might be used by the phoneticians to depict acoustic features (such as the first 
and second formant frequencies), instead of describing the perceptually highest lingual 
position during production of vowels. 
Differences between the Physiological Vowel Charts Developed 
According to the present study, considerable variation in the location of vowels inside 
the physiological vowel charts was observed. This implies that the same vowel may be 
produced with different tongue configurations. This notion agrees with previous articulatory 
and acoustic studies of vowels (Russell, 1928; Maurer et al, 1993; Moon & Lindblom, 1994). 
A number of factors that may contribute to the varied lingual position are discussed in the 
following. 
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Context type 
In a study examining the association between German vowels and articulators’ 
positions using electromagnetic articulography (EMA), Maurer et al. (1993) found that vowel 
of the same identity were produced with different articulators’ positions in different context 
types (e.g. production of vowels which were embedded in words and in isolation). However, 
difference in context type failed to explain the individual differences in vowel position inside 
the developed vowel charts in the present study because only one context type (i.e. 
production of vowels in isolation) was involved in this study. 
Vowel duration 
Moon and Lindblom (1994) found in their acoustic analysis that formant displacement 
was affected by vowel duration, in which the degree of undershoot was indirectly 
proportional to the length of duration. In the present study, participants were required to 
produce the target vowels at a moderate speaking rate as demonstrated by the examiner. Yet 
variation in vowel duration between participants was noted. Such durational discrepancy 
might account for part of the difference in position of vowels inside the physiological vowel 
charts of different participants. 
Speakers 
Russell (1928; 1929) found that different speakers exhibited varied tongue position in 
lateral x-ray recordings during vowel production. Nonlinguistic factors, such as age, gender, 
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anatomical difference in vocal tract and speaking style were possible causes of speaker 
variation (Yang, 1992; Simpson, 2002). Since the age of participants in this study was 
comparable and variation in vowel position was also noted within the same gender, age and 
gender were not likely to be the main source of variation. However, differences in vocal tract 
dimension may have led to a difference in articulatory distances for each individual to 
traverse in order to produce the same vowel (Simpson, 2001), and differences in speaking 
style may also contribute to production of the same vowel with different phonetic shapes 
(Simpson, 2002). These may help explain the variation of vowel position inside the 
physiological vowel charts between participants. 
Differences between the Physiological Vowel Charts of Males and Females 
Consistency of location of vowels inside the physiological vowel charts 
It was observed that the vowels produced by male speakers were associated with the 
most extreme differences in location of vowels inside the physiological vowel charts. The 
vowel locations inside the vowel charts for females were more consistent than that for males. 
This may be due to the larger vocal tract in males because males tended to demonstrate 
greater variation in actual numerical locational measures even if both genders had the same 
percentage of variation in articulation. 
Articulatory vowel space of male and female participants 
It was hypothesized that males’ articulatory vowel space should be larger than that of 
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females because of the larger vocal tract size in males (Simpson, 2001). However, no 
significant differences between the articulatory vowel spaces of male and female participants 
were found, as indicated by the comparable vowel space areas between males and females. 
This finding was different from results of previous studies, in which difference in acoustic 
vowel space was found between genders (Simpson, 2002). 
Vowel space was usually identified acoustically by plotting the first formant 
frequency against the second formant frequency. According to the quantal theory, the formant 
frequencies were found to be associated with the lengths and the cross-sectional areas of the 
front and back tubes, which determined the resonance of the vocal tract (Johnson, 2003; 
Diehl, 2008). Due to their smaller vocal tract dimension, females were found to exhibit 
greater acoustic changes with minute articulatory changes (Simpson, 2002). It should be 
noted that this does not contradict the present finding as the articulatory vowel space was 
determined by the highest position of tongue; while the acoustic vowel space was determined 
by the resonance of vocal tract. They resemble two different entities both of which are 
associated with the location of various vowels. 
Furthermore, although /i/, /a/ and /u/ were identified as corner vowels in previous 
studies (e.g., Johnson, 2003), they may not be really located at the corners according to the 
physiological vowel charts. This, together with the variability in speaking style discussed 
above, appears to contribute to the insignificance of articulatory vowel spaces of males and 
 22 
females. 
Limitation of This Study and Future Research Suggestions 
It was noted that the sensors were not attached back enough to detect movement of 
the tongue dorsum. Depending on the size of the tongue, the three sensors, any two of which 
were 1 cm apart, may be placed at different parts of the tongue. This may have led to 
erroneous estimation of the constriction point in oral cavity during production of vowels. 
Further studies may consider including an extra sensor on the tongue dorsum. 
As discussed above, acoustic rather than articulatory properties may be more 
appropriate for classifying vowels. Thus, acoustic vowel quadrilateral in additional to 
articulatory vowel quadrilateral could be developed in comparison to the traditional vowel 
chart to confirm the hypothesis. 
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Appendix - Physiological vowel quadrilaterals developed from male and female participants 
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Figure 4-7: Physiological vowel quadrilaterals developed from four male participants 
Figure 8-11: Physiological vowel quadrilaterals developed from four female participants 
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